Abstract: A novel slotted dual channel medium access control (SDC-MAC) protocol is proposed for multihop wireless networks to maximize concurrent packet transmissions. By leveraging a slot-optimized scheme, the channel reservation and data packet transmissions can be simultaneously carried out on the control channel (CCH) and data channel (DCH) reducing packet collisions. Multichannel hidden and exposed terminal problems are also alleviated to greatly improve the channel access efficiency. Numerical results show that compared to the IEEE 802.11 DCF protocol, the SDC-MAC protocol has obvious performance improvement under the same total bandwidth.
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Introduction
Recently, multichannel medium access control (MAC) protocols become a hot research topic due to their higher total network performance than that of the single-channel MAC protocols [1, 2, 3, 4, 5] . However, they incur the multichannel hidden terminal problem [1, 2, 3, 4] , which greatly increases the probability of packet collisions due to lack of timely channel usage information, and the multichannel exposed terminal problem [5, 6] , which causes channel wastage by restricting exposed terminals from reusing available channels.
To resolve the multichannel hidden terminal problem, multiple half-duplex transceivers [1] , a busy tone indicating the ongoing transmission of data packets [6] , selected data channels (DCHs) designated in request-to-send (RTS) and clear-to-send (CTS) packets [1, 2, 3, 4, 5] , or channel state tables based on the overhearing of RTS/CTS packets [1, 2, 3, 5] had been proposed. However, these solutions incur considerably greater implementation costs and overhead. To resolve the exposed terminal problem, acknowledgment (ACK) packets are transmitted on another control channel (CCH) that is different from that of RTS/CTS handshakes [5] , or a busy tone is adopted to replace ACK packets [6] . However, these solutions require an extra CCH. For dual channel MAC protocols, a solution is that, based on a simultaneous transmission table, each sender uses one channel to transmit RTS and data packets, and its recipient uses another channel to transmit CTS and ACK packets [7] . However, selecting different channel pairs between different communication node pairs lead to a greater likelihood of a node missing a reservation invitation for it, causing severe channel wastage. To resolve the above problems, we present a slotted dual channel MAC (SDC-MAC) protocol using one half-duplex transceiver for multihop wireless networks to efficiently exploit concurrent packet transmissions and alleviate the multichannel hidden and exposed terminal problems.
Protocol description
We assume that each node tunes its transceiver to the CCH if there is no packet to send. Global or local time synchronization is assumed in the network, possibly through the application of global positioning system (GPS) [8] .
As shown in Fig. 1 , in SDC-MAC, the CCH is divided into reservation slots (RSs) and the DCH is divided into data packet transmission slots (TSs). Each RS includes N CMS contention minislots (CMSs) of length T CMS , the transmission times of RTS, CTS and ACK packets and three short interframe spaces (SIFSs). We assume that the length of a TS is N RS times that of an RS, i.e.
where, L RTS , L CTS , L DATA and L ACK represent the lengths of the RTS, CTS, data and ACK packet, respectively. R CCH and R DCH represent the data rates of CCH and DCH, respectively. The values of R CCH and R DCH are not the same and depend on the bandwidth allocation for CCH and DCH.
For the first transmission of a newly-generated data packet, a sender tries to send its RTS packet in the N RS th RS after it successfully transmits all its existing data packets. Before the selected RS, it senses N RS − 1 RSs in order to ensure that its recipient is not sending or receiving a data packet during its selected RS, and there are no transmission interferences with other ongoing data packet transmissions during its incoming data packet transmission. If its recipient does not send an RTS or CTS packet and it does not receive any CTS packets during the former RSs, it begins its RTS transmission in the selected RS. Otherwise, it backoffs N RS − 1 RSs after the interfered RS for retry. In the selected RS, the sender randomly chooses one CMS from all N CMS CMSs to begin its RTS transmission. Before the CMS, it senses the former CMSs. If there is no RTS or CTS packet received during the CMSs, it can send its RTS packet starting from its selected CMS. Otherwise, it backoffs to the next RS to make a channel reservation.
On successfully receiving the RTS packet, its recipient immediately replies with a CTS packet. If the sender receives the CTS packet correctly, it can send its data packet in the related TS of DCH without collision and its recipient will confirm the successful data packet reception by replying with an ACK packet at the beginning of next RS. If fails, it needs to randomly select an RS from the next K MAX RSs to initiate another transmission attempt.
Performance analysis
Assume a multihop wireless network of N nodes with the communication range r randomly distributed in a circular area with radius R. The average number of neighboring nodes of a node is N N = N r R 2 − 1. We assume that data packets of each node are generated according to Poisson distribution with the arrival rate λ 0 and transmitted to one of its neighboring nodes with the same probability.
As shown in Fig. 2 , the equivalent arrival rate λ of reservation requests at each node includes the generation rate λ 0 of data packets, the arrival rate λ 1 of the backoffed data packets due to transmission interferences, and the arrival rate λ 2 of the backoffed data packets due to sensing already-existed RTS transmissions and the retransmitted data packets due to reservation failures, i.e.
where, p B is the probability that a node actively backoffs due to transmission interferences, τ represents the probability of successful reservation in an RS for a node, p C represents the probability of reservation failures when a node simultaneously sends its RTS packet with its neighboring nodes, N r is the maximum number of retransmissions for a data packet, (1 − p B )(1 − τ ) represents the probability that each node does not sense transmission interferences and fails to reserve DCH, and p
Nr+1 C
represents the probability that the number of retransmissions for a data packet is larger than N r .
Fig. 2. Channel access model.
Therefore, we can get
According to Poisson process, the probability that at least one data packet arrives at a node during an RS with the length T RS is
Based on the above assumptions, the probability that a node does not receive CTS packets during N RS − 1 RSs is approximately equal to the probability that all its neighboring nodes do not successfully reserve DCH during N RS − 1 RSs. Therefore, we have
where, p B + (1 − p B )(1 − τ ) represents the probability that a node either backoffs due to transmission interferences or fails to reserve DCH in the presence of no transmission interferences, 1 − p A represents the probability that a node is idle, and
represents the probability that all the neighboring nodes of a node are idle or do not successfully reserve DCH during N RS − 1 RSs. The probability of successful reservation τ can be expressed as
where, p CA represents the probability that a node senses RTS or CTS transmissions before it sends its own RTS packet and
where
represents the probability that a node does not sense transmission interferences and sends RTS packet before ith CMS, and
N N represents the probability that all the neighboring nodes do not send RTS packets before ith CMS.
In the same way, we have
By solving (3)- (8), we can calculate λ, p A , p B , τ , p CA and p C . Throughput S is defined as the ratio of channel bandwidth used to successfully transmit data packets to the available channel bandwidth of all channels. By definition, we can get
where, R b represents the total data rate of all channels, and R b = R CCH + R DCH . For a fair comparison, we assume that the SDC-MAC and IEEE 802.11 DCF protocols use the same L DATA and total bandwidth, which means that they use the same total data rate R b according to the Shannon-Hartley theorem. Fig. 3(a) shows the impact of r on the throughputs of SDC-MAC and IEEE 802.11 DCF protocols with variation of network traffic load. We can see that the throughputs of SDC-MAC and IEEE 802.11 DCF protocols decrease with increasing r, and when r is 25, 35 and 45, SDC-MAC achieves 21.9%, 22.4% and 23.6% throughput gain than IEEE 802.11 DCF, respectively. This is because a larger r causes a lower average number of hops between two nodes, the larger number of neighboring nodes, the higher local traffic load, and thus the lower spatial reuse, the higher probability of RTS/CTS packet collisions and the lower probability of successful data packet transmissions. With the same r, SDC-MAC can achieve concurrent channel reservation and data packet transmissions without transmission collisions by adopting slot-optimized scheme between the CCH and the DCH and RS/CMS backoff mechanism, and thus has less probability of packet collisions and higher throughput. Fig. 3(b) shows the impact of R CCH on the throughput of SDC-MAC in the presence of the same R b . When R CCH is lower than 1 Mbps, the throughput of SDC-MAC increases and after that, it decreases. This is because the change of R CCH affects the length of RS, L DATA and R DCH , which can achieve the optimal load balance between RTS/CTS reservation on the CCH and data packet transmission on the DCH. Fig. 3 . Impact of r and R CCH on throughput.
Numerical results

SDC-MAC is
Conclusion
The proposed SDC-MAC adopts the slot-optimized scheme to achieve the optimal load balance between concurrent channel reservation and data packet transmissions and exploit maximum multichannel multiple access performance for multihop wireless networks. It is compatible with the legacy IEEE 802.11 DCF protocol without establishing channel state table or modifying RTS and CTS frame format. Even so, it avoids needing to set and update network allocation vector (NAV) for transmission backoff, or employing extra channels and hardware devices. Numerical results show that under the same total bandwidth, SDC-MAC clearly outperforms IEEE 802.11 DCF in terms of throughput. By adaptively adjusting some parameters, such as N RS and N CMS , SDC-MAC could also be applicable to different network applications.
